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We report the first hematite-based photoelectrochemical (PEC)
biosensor platform to detect NADH under visible-light irradiation.
To enhance the electrical signal of photoanodes, we employed
mussel-inspired polydopamine which immobilizes redox mediators
on hematite. The enzymatic PEC biosensor enabled the detection of
glucose, ethanol, and lactate, and even showed successful detection
of glucose in human plasma, suggesting the practical usefulness of
our platform.

Photoelectrochemical (PEC) detection is an attractive biosensing
strategy because it inherits the benefits of electrochemical (EC)
sensors, such as low cost, simple instrumentation and high
sensitivity.1 Furthermore, PEC sensing can reduce undesired
background noise and enhance sensitivity by using two separate forms of signals: light (for excitation) and electricity (for
detection).2–5 In PEC cells, electrons and holes are generated by
photo-excitation, which are then injected into a photocathode
and a photoanode for water reduction and oxidation, respectively.
Hematite (a-Fe2O3) is a promising photoanode material because
of its strong absorption of visible light (Eg B 2.1 eV), high stability,
low price, and environmentally benign characteristics.6 While
most previous studies on hematite have focused on utilizing it for
solar synthesis of chemical fuels through water-splitting,6,7 hematite
has not been applied yet for biosensing despite its potential.
Here, we report on the development of novel hematite-based
PEC biosensing platforms that employ NAD-dependent dehydrogenases as a biorecognition component, as illustrated in Scheme 1.
NAD-dependent dehydrogenases enable a wide range of applications in enzymatic sensors8–10 due to their catalytic capability to
oxidize various analytes (e.g., glucose, lactate, and alcohols).
They critically require an NAD+/NADH cofactor-couple as a
redox counterpart to sustain the catalytic cycle.11 Since direct

Department of Materials Science and Engineering, Korea Advanced Institute of
Science and Technology (KAIST), 335 Science Road, Yuseong-gu, Daejeon 305-701,
Republic of Korea. E-mail: parkcb@kaist.ac.kr; Fax: +82 42-350-3310;
Tel: +82 42-350-3340
† Electronic supplementary information (ESI) available. See DOI: 10.1039/c5tb00478k

This journal is © The Royal Society of Chemistry 2015

electrochemical oxidation of NADH at 0.56 V (vs. SCE) induces
the interference of other oxidizable analytes at the electrode, the
utilization of redox mediators to enhance electron transfer rate
has been considered as an attractive option for reducing the
overpotential of NADH oxidation.12–14 A sensitive and practical
platform for EC and PEC biosensors requires stable immobilization and retention of mediators on the electrode surface.15,16 In
the current work, we have employed polydopamine (PDA) coating
as a simple way to immobilize redox mediators on the photoelectrode. PDA, a mimic of adhesive proteins in mussels, enables
one-step functionalization of any type of material surface,17,18
and allows facile immobilization of organic dyes, providing suitable
environments to facilitate catalytic reactions.19 Using the PDA
coating, we combined Nile Blue (NB), a redox mediator for electrocatalytic NADH oxidation,20,21 with hematite, a visible-light active
photo-electrode, to facilitate efficient electron transfer from NADH
to the photoanode. As illustrated in Scheme 1, NB facilitates

Scheme 1 Schematic illustration of the PEC biosensor platform based on the
PDA–NB/Fe2O3 photoanode, which is used to detect NADH and various
substrates by employing NAD-dependent enzymes such as glucose dehydrogenase (GDH), alcohol dehydrogenase (ADH), and lactate dehydrogenase
(LDH). A redox mediator for NADH oxidation, NB, is successfully immobilized
on hematite film via PDA coating. Photocatalytic NADH oxidation by NB
generates an electrical signal that is proportional to the concentration of NADH
and amplified by photo-excited electrons from a hematite-based photoanode.
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Fig. 1 Characterization of the PDA–NB coating layer on hematite. (a) SEM
image of cross-section view showing the thickness of hematite film. Inset
photograph shows color change of the hematite photoanode before and
after coating. (b) Absorbance spectra of (A) hematite and (B) PDA–NB-coated
hematite (PDA–NB/Fe2O3), showing significant increase of absorbance in
600–700 nm, which corresponds to the absorption peak of NB solution
(inset). (c) XPS spectra for N1s and O1s peaks. (d) Raman spectra of hematite,
PDA-coated hematite (PDA/Fe2O3) and PDA–NB/Fe2O3. Peaks expected
from NB are indicated by asterisks.

selective oxidation of NADH and the visible-light illumination
induces electron transfer from NB to hematite. As a result, the
photoexcited electron transfer amplifies the electrical signal from
the oxidation of analytes by NAD-dependent dehydrogenases.
We synthesized hematite film through two-step annealing at
550 1C and 800 1C on an FTO glass substrate. The X-ray diﬀraction
(XRD) pattern of the pristine hematite film is shown in Fig. S1a
(ESI†). The peaks marked with red circles clearly indicate a single
crystal of a-Fe2O3 (JCPDS, PDF-#33-0664) without any trace of
impurities. The synthesized bare Fe2O3 exhibited a worm-like
structure and retained the same morphology after the PDA coating
(Fig. S1b, ESI†). The cross-sectional scanning electron microscopic
(SEM) image of a bare hematite film is presented in Fig. 1a, which
shows that the film thickness is approximately 600 nm.
To fabricate PDA–NB-coated hematite film (PDA–NB/Fe2O3),
we immersed as-synthesized hematite film in a mixed solution
of dopamine and NB for 2 hours and washed it with deionized
water for 14 hours. According to the change in UV-vis absorbance, approximately 68.7% of NB remained in the PDA layer
after 14 hours of washing, which is attributed to p–p interaction
between aromatic rings in PDA and NB forming a stable PDA–
NB hybrid coating layer. After coating the hematite with either
PDA or PDA–NB, the film color changed from bright orange-red
to dark red (Fig. 1a, inset). Fig. 1b shows strong absorption of
bare hematite in the visible light range below 600 nm, which
corresponds to the band gap energy (B2.1 eV) of hematite. The
PDA–NB coating induced a significant shift in light absorption
of hematite film to the range of 600–700 nm due to characteristic absorption of NB, while PDA-coated hematite (PDA/Fe2O3)
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exhibited only a slight change. To further confirm the presence
of NB on the surface of Fe2O3, we analyzed the surface elements
by X-ray photoelectron spectroscopy (XPS) (Fig. 1c and Fig. S4a,
ESI†). A distinguishable N1s peak was observed at the binding
energy of 399.8 eV and 399.4 eV for PDA/Fe2O3 and PDA–NB/
Fe2O3, respectively, which originated from nitrogen atoms in
PDA and NB. The surface coating of hematite with PDA and NB
also affected the shape of the O1s peak. While bare hematite
showed the lattice oxygen in Fe2O3 centered at 530.1 eV,22 two
other spectra exhibited wide and asymmetric peaks at higher
binding energies, indicating that the coating with PDA and
NB changes the surface properties of hematite. Also, Raman
spectroscopic analysis evidently supported the presence of NB;
the Raman spectrum of PDA–NB/Fe2O3 in Fig. 1d shows distinctive peaks at 1640 and 1200 cm 1 that correspond to NB (Fig. S4b,
ESI†), while two other Raman spectra of samples without NB
exhibit no signal.
To investigate the activity of NB in the PDA layer for NADH
oxidation, we examined PEC behaviors of hematite-based photoelectrodes using linear sweep voltammetry in a phosphate buﬀer
(50 mM, pH 7.5). As shown in Fig. 2a and b, the photocurrents
from both PDA/Fe2O3 and PDA–NB/Fe2O3 photoelectrodes began
to increase upon visible-light irradiation at over 0.1 V, while
negligible current was observed under dark conditions (data not
shown). These anodic currents resulted from photocatalytic water
splitting by photo-generated electrons and holes in the hematite
photoanodes. The addition of NADH (1 mM) induced twice the
oxidation current at 0.3 V in the PDA–NB/Fe2O3 photoelectrode
upon visible-light illumination, which is attributed to the oxidation
of both water and NADH, while the PDA/Fe2O3 photoelectrode
exhibited only a slight increase of photocurrent. We also

Fig. 2 Current–potential characteristics of (a) PDA/Fe2O3 and (b) PDA–NB/
Fe2O3 with and without 1 mM NADH under visible light. (c) Photocurrent
response and (d) calibration plot of PDA–NB/Fe2O3 photoanode at various
NADH concentrations. As the NADH concentration increases, the photocurrent increases linearly with a correlation coefficient of 0.9999.
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Fig. 3 (a) Photocurrent response of the PDA–NB/Fe2O3 photoanode in
50 mM phosphate buffer (pH 7.5) with successive addition of NADH
(0.01 mM and 0.005 mM) and interference molecules (glucose, glutamate,
and urea) at a concentration of 1 mM. (b) Stability test of the PDA–NB/Fe2O3
photoanode for NADH oxidation by measuring photocurrent repetitively.
Points and error bars represent the average of photocurrent signals and the
maximum and minimum values of each measurement.

conducted electrochemical impedance spectroscopy measurements to further confirm the catalytic effect of NB in the PDA
layer for NADH oxidation (Fig. S5, ESI†). The Nyquist plots for
bare PDA and NB-incorporated PDA films show that NB incorporation clearly decreases the charge transfer resistance in the
NADH solution under visible light illumination. This result
indicates that NB molecules incorporated in the PDA layer work
effectively as a redox mediator for NADH oxidation, facilitating
electron transfer between the electrode and the solution.
Since applied potential may aﬀect photocurrent response in
the trade-oﬀ between the elimination of possible interferences
and the intensification of the sensing signal, we investigated
the photo-response of PDA–NB/Fe2O3 electrodes under different
applied potentials (Fig. S6, ESI†). While anodic photocurrent
increased gradually in the range of applied potential from
0.15 V to 0 V, its rate of increase became drastic above 0 V.
The current increase between 0 V and 0.05 V was four times
greater than that between 0.05 V and 0 V. Accordingly, we selected
0.05 V as an applied potential for further PEC measurements.
Fig. 2c presents the photocurrent profiles of the PDA–NB/Fe2O3
photoanode with NADH solution at different concentrations
(0 to 2 mM). The photocurrent was linearly correlated to the NADH
concentration with the equation I (mA) = 12.76C (mM) + 1.702
(Fig. 2d). The limit of detection (LOD) of the PDA–NB/Fe2O3
photoanode for NADH was approximately 4.65 mM. The sensitivity
was evaluated to be approximately 12.8 mA mM 1, which is much
better than previous reports on PEC biosensors.23,24 In contrast,
the PDA/Fe2O3 photoanode (that is, without NB) exhibited poor
performance in NADH detection (LOD: 89.8 mM, sensitivity:
1.52 mA mM 1) (Fig. S7, ESI†), which indicates that inefficient
electron transfer occurs on the electrode surface in the absence of
NB, slowing down electron transport and hindering signal detection. In the PDA/Fe2O3 photoanode, we speculate that only holes
generated internally by photo-excitation of hematite can oxidize
NADH, resulting in the loss of NB effect on NADH oxidation
and a low electrical signal.25,26
We investigated the selectivity of the PDA–NB/Fe2O3-based PEC
sensor for NADH detection by employing glucose, glutamate,
and urea as interfering substances under visible-light

This journal is © The Royal Society of Chemistry 2015

Communication

irradiation (Fig. 3a). We observed an immediate amperometric
signal upon injection of NADH solution (0.01 mM), but negligible response was detected after a successive addition of
interfering chemicals (1 mM each). We could detect an even
lower concentration of NADH (0.005 mM) after adding other
chemicals. This result indicates that our PDA–NB/Fe2O3-based
PEC sensor has a reasonable selectivity towards NADH detection over other possible analytes in NAD-dependent enzymatic
biosensing. We further tested the reproducibility of the PDA–
NB/Fe2O3-based PEC sensor by measuring electrical signals
from an NADH solution (0.2 mM) repeatedly. Fig. 3b shows
the average values of photocurrent for each measurement with
error bars, where the relative standard deviation was 3.69% and
the response of the PEC NADH sensor remained at 95.5% of the
initial response after 10 weeks. This result indicates that the
PDA–NB/Fe2O3-based PEC sensor is stable for at least over 2
months, giving reliable signals in repetitive detection.
To demonstrate the utility of the PDA–NB/Fe2O3-based PEC
platform as a versatile enzymatic biosensor, we applied the
platform for the detection of glucose, ethanol, and lactate,
using glucose dehydrogenase (GDH), alcohol dehydrogenase
(ADH), and lactate dehydrogenase (LDH). These enzymes can
catalyze the oxidation of their substrates when coupled with the
reduction of NAD+. Upon irradiation with visible light, the
PDA–NB/Fe2O3 photoanode exhibited an immediate response
of photocurrent to the oxidation of glucose at different concentrations (0–2 mM) in a phosphate buffer (pH 7.5) containing
10 mM NAD+ (Fig. 4a). The LOD of glucose was found to be

Fig. 4 Photoelectrochemical sensing of various substrates with NADdependent dehydrogenases. Calibration plot for (a) glucose, (b) ethanol, and
(c) lactate of the PDA–NB/Fe2O3 photoanode under light and dark conditions.
Applied potential 0.05 V vs. Ag/AgCl in 50 mM phosphate buffer (pH 7.5)
containing 10 mM NAD+ and 200 U of glucose dehydrogenase (GDH) or 200 U
of alcohol dehydrogenase (ADH). Insets are photocurrent response at various
substrate concentrations. (d) Calibration plot for glucose in a diluted human
plasma solution, showing a linear relationship with glucose concentration.
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approximately 25.2 mM with a sensitivity of 7.36 mA mM 1. Also,
the PEC detection of ethanol and lactate at different concentrations resulted in LODs of 151 mM and 471 mM, and sensitivities
of 1.82 mA mM 1 and 0.85 mA mM 1, respectively (Fig. 4b and c).
We further performed PDA–NB/Fe2O3-based PEC sensing in human
plasma solutions with glucose dissolved at different concentrations
(Fig. 4d). Our analysis showed a reasonable LOD (59.4 mM) and
sensitivity (5.22 mA mM 1), indicating that the hematite-based PEC
sensor is viable for practical applications.

Conclusions
The first hematite-based PEC biosensor platform is developed and
applied for the detection of NADH under visible-light irradiation.
Unlike TiO2-based PEC sensors, hematite can absorb a wide range
of visible light because of its narrow band gap energy. A simple
dip-coating of hematite in PDA solution enabled stable immobilization of a redox mediator (i.e., NB) on the hematite surface. The
PEC measurements verified that NB incorporated in the PDA layer
has a catalytic eﬀect on NADH oxidation and facilitates electron
transfer. The PDA–NB-coated hematite film exhibited sensitive
NADH detection with a limit of 4.65 mM and a sensitivity of
12.8 mA mM 1, along with good selectivity, stability, and reproducibility. Glucose sensing in human plasma resulted in reasonable
LOD and sensitivity, demonstrating practical usefulness of the
PDA–NB/Fe2O3-based PEC biosensor. The utilization of a single
cofactor-couple (NAD+/NADH) in numerous NAD-dependent
enzymes enabled versatile detection of many relevant substrates,
such as glucose, ethanol, and lactate. A simple and generic
hematite-based biosensor platform will be useful in the future
development of visible-light-driven PEC biosensors.
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